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E FOREWORD

I

E This report describes an investigation performed under Contract No.

. DE-AC0O4-76-DPO0789 of radiation effects in pigtailed GaAs and GaAiAs LEDs.
These devices were develcoped by the Plessey Campany of England to satisfy

: Air Force requirements for fiber optic applications. The radiation effects
i studies of these LEDs were carried out at Sandia National Laboratories

(SNL) in Albuquercue, New Mexico. The principal investigator was C. E.
Barnes who was assisted by L. Hansen and G. Iyons. The author would also
like to acknowledge helpful discussions with J. J. Wiczer and R. Chaffin.
We are also indebted to R. Goodfellow and R. Davis of the Plessey Campany
for information and advice concerning the LEDs. Lastly, we wish to thank
the operating staffs of the SPR, GIF, RERA and HERMES II facilities at SNL

for their cooperation and assistance.

The period in which this work was done was from February 1979 to September

1980 with sutmission of this report in June 1981.

The Air Force Program Mcnitor was Ken Trurble AFWAL/APAT-3.
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SECTION 1
INTRODUCTION

For fiber optic data links which must function in a radiation environment,
the selection of the optoelectronic camponents making up the link must be done
judiciously because of the variation in radiation sensitivity of these devices.
If the effect of radiation on one camponent, for example the fiber, is par-
ticularly strong, this sensitivity can dictate the choice of operating wave—
length and the other camonents of the transmission system. Consequently, the
system designer must have access to information concerming the behavior of all
the optoelectronic campc.ients in the radiation environment in which the link
will be used. In this report we will describe the results of a radiation
effects study of firer pigtailed, high radiance GaAs and GaAlAs LEDs contem—
plated for use by the Air Force Wright Aeronautical Laboratories (Avionics
Laboratory) and possibly other Air Force organizations. In particular, it will
be shown that the two primary radiation damage effects are transient attenuation
in the fiber pigtails and permanent. neutron-induced degradation of the LEDs.
Also, for the specific LFDs studied herein the GaAlAs LFD is the preferred
choice over the GaAs emitter.

SECTION II

BACKGROUND

1. Light Emitting Diodes

LEDs fabricated from GaAs and GaAs-related ternary campounds have been the
suhject of several radiation effects studies.1=® A wide variety of LEDs have
been studied in the past at Sardia National lLaboratories, and this woirk is
summarized in reference 1. Polimadei, Epstein and coworkers cxamined radiation

effects in both Gaj_,Al,As and GaAs)_4Pyx LEDs. Variations with x were fouxd
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in the radiation-induced degradation of light ocutput for bot.: types of LEDs.
Both the gamma and neutron damage constants for Gaj_Al,As decreased with
increasing Al content.? For neutron irradiated GaAs;_,P,, minimum degradation
rates were found at intermediate values of x hy Epstein, et al.3 In contras:,
an earlier study by Epstein, et al4 revealed about the same degradation rates
in gama irradiated GaP and GaAsg 1P, glLEDs. However, in later work® on

Ga) Al As and GaAs)_yFy LEDs exposed to gamma irradiation, it was found that
the damage constant decreased with increasing Al or P content. Epstein and
coworkers have suggested that ternary compounds are intrinsically less
radiation sensitive than binary materials. That is, the addition of Al to
GaAs results in an LED which degrades less when exposed t. radiation. Recent
work in our lahoratory on a set of Gaj-yAlygAs LEDs with varying Al content
from Texas Instruments indicates that other parameters are more impartant.

For example, variations in growth method, doping levels, and dopant types can
result in GaAlAs LEDs which are more sensitive to irradiation than GaAs devices
in which some attention has been given to radiation hardening. As will be
shown, the LEDs examined in this study fortunately exhibit -:ine of the

characteristics which result in good radiation hardness.

The common view of the physical mechanism which causes radiation-induced
degradation of the light output from LEDs is that nornradiative recombination
centers are introduced which compete with radiative centers for excess carriers
resulting in a decrease in minority carrier lifetime. The total 1initial

lifetime can be written,

1 (1)

3
;
i
r
;
3
;
3
4
1
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vhere 15 is the total pre-irradiation minority carrier lifetime, and 1, and
1o are the lifetimes associated with radiative and nonradiative procegses,
rel;mg;ectively. It is the decrease in 15, which is usually responsible for the
reduction in 1 although there are exangu;es such as SiC where the reduction in
lifetime is due to decreases in 1, (increased light output). However, here
we will assume that the degradatioi takes place through a reduction in non-

radiative lifetime, The lifetimes are usually written,

1 N q L N -1 (2)
T % “RYen R @™ T 7 %Nktnnr ¢ 570
(g (@]
K NR

where og and ong are carrier capture cross-sections associated with radiative
and nonradiative centers. respectively. Nr and Mg are the concentrations of
radlative and nonradiative centers, respectively. Finally, v¢n is the minority
carrier thermal velocity. Following irradiation the total minority carrier

lifetime is written,

1 1 1 -1
T = L + T + ONRIVthVNRI ¢ Sec
R NR (3)
X
11 -1
T =77 % O%Ngr1VtnMNr1 » SeC 4

Hete 1 is8 the total, post-irradiation lifetime and the subscript NRI refers

to radiation-induced, nomradiative centers. The usual method is to define
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the concentration of radiation-induced, nonradiative centers by,
Ny,. 2 C,¢ , cm (3)

where ¢ is the radiation fluence, or dose, and Cy is a constant whose magnitude
involves the probahility of generation of a particular defect by a unit

radiation fluence. The damage constant K is then defined by,
K=o v . C cm2/~ec (6)
NRI th™1 '/ =

and the phenomenological equation which is used to describe LED radiation damage

is given by

1 -1
T =70 %K, sec (M

-

= =1+ 1Ko . (8)
It should be noted that K, given by the definition (6), is likely to be a
superposition of onry and C; for several types or radiation-induced Gefects.
Clearly, the detailed physics governing the interaction of radiation with the
semiconductor material is hidden in the damage constant K, and a complete
understanding of the physical mechanisms must come from more basic measurements.
However, for prediction of device degradation, the phenomenological approach is
useful, keeping in mind certain rules and limitations which are discussed below.

Therefore, the quantity of interest in this investigation is the value of the

initial lifetime- damage constant product, 1oK.
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The measurable quantities in an experiment are the total light output and current
as a function of forward bias. In order to determine a meaningful damage constart,
the current controlling mechanisms in the operating region of the device rmust

be known. For exanmple, using the linearly graded junction approximetion, and

for an LED whose light output is due to a radiative current which is diffusion
controlled, the relationship between light output, L, and minority carrier

lifetime is given by,®

qV/kT’ arbitrary units (9)

I, = Cte
where C is a constant containing parameters which do not depend on t© or T.

Then, rearranging Fq. (8) and substituting from Eq. (9), we have, at constant

voltage,

~A

° . o

=

= T +1+10K¢ ’ (10)

where L and L are the pre-irradiation and post-irradiation light outputs.

Analysis of device degradation at oconstant current is useful since it is
essentially efficiency degradation, and also because LEDs are usually operated
at constant current. The external efficiency is proportional to the radiative
current, or light output L, divided hy the total current. To o-tain an
equation similar to Eq. (10) but for constant current, Eq. (9) must be expressed
in terms of J, the total current density. For a total current dominated by

diffusion,

3 = (cl/\/—neqv/kT . A/cm? (11)
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Solving for V/KT and substituting into Eq. (9) gives

L= Cz‘t 3/2J ’ arbitrat‘y units (12)

where C) and Cy are constants. Equation (8) then becames, at constant current,

L L 2/3 13
T T \TT =1+ 1 K (13)
For a total current dominated by space charge recambination (SCR),

J = (C3/1) V/KT | A2 (14)

Proceeding the same way, at constant current, Eg. (8) becanes
1/3
T L
RECHUONY N -] = (15)
(L ) 1+ TOK® .
Since significant degradation occurs when the value of 1 K¢ becomes

comparable to unity, it is the value of the toK product which is of interest.

Differences in degradation rates between constant vcltage operation (Eq. 10)
and constant current operation (Eq. 13) can generally be ascribed to neutron-
induced excess currents.l wWhen such non-radiative currents are significant,
the oonstant current degradation rate is larger than the oconstant voltage
degradation rate. Since the neutron-added currents are usually due to SCR,1
they have their greatest impact at low voltages. At large voltages and current
densities, the total current is dominated by a diffusion mechanism and the
radiation-induced currents are insignificant. It follows that one can expect
that high radiance LEDs, which operate at very high current densities because
of their small junction areas, will exhibit minimal neutron-induced excess

currents.
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2. Fibers
Radiation effects in optical fibers have been studied extensively in recent
years.7.8:9 Although ionizing radiation induces significant luminescence

in fibers this is not a serious problem for moest potential applications because

the temporal behavior of the luminescence coincides with that of the radiation.

i'; In contrast, the attenuation induced in a fiber can last for several orders of ﬁ
magnitude in time after exposure to a short burst of ionizing radiation. Theee

effects are shown schematically in Fig. 1 for a 50ns wide radiation pulse.

During the pulse the light signal exceeds the quiescent DC level fram the light
i source due to the induced liminescence. Following the radiation burst, the

combination of luminescence and attenuation produces a negative peak in the

light signal, Ip, which is used in defining the peak transient attenuation, ant 1

o = L8, o dB/m
p . T(m) E f; » dB/m (16)

e el S Attty s

where £ is the exposed fiber length and I4 is the pre-pulse light signal. The

attenuation recovers over a long period of time often resulting in a residual

‘permanent” (present after 24 hrs.) attenuation effect. The recovery kinetics

of the attenuation are usually camplex and often involve the superposition of

different recovery mechanisms. The intensity and duration of the attenuation &

can depend on a variety of parameters including fiber characteristics, wave- i

length, and temperature.

Three exanples of peak transient attenuation in relatively radiation hard fibers
are shown in Fig. 2 as a function of wavelength. These curves clearly illustrate !
the severity of the transient attenuation problem when campared with the curve

for intrinsic plus permanent attenuation induced in a typical low loes silica
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Figure 1. Oscilliscope trace of the typical response of an optical fiker
to bambardment by a narrow x-ray pulse. lote that vhile the
X~ray gencrated luminescence follaws the mulse, the transient
! attenuation can last for several orders of magnitude in time
after tixe pulse, [fram P, L, 'attem, 1. '. Yatkins, C, D.
Skoog, J. R. Brardon and E. Barsis, JEFE Trans. Nucl. Sci.
NS~21, No. 6, 81 (1974).]
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fiber by 4300 rads of Co-60 gamma rays. Note that for the similar Schott fiber,
ap is much greater than the permanent attenuation after the smaller dosec of
only 700 rads (X-ray). In addition, ap 18 particularly strong in the Corning
fiber which has a doped silica core as opposed to the pure vitreous silica

core in the Schott fiber. For both glass fibers ap decreases with increasing
wavelength for A > 550 nm. Previous work7:8:9 has shown that the rate of
recovery after the ionizing pulse is independent of wavelength so that the
spectral shape in Fig. 2 is maintained at later times. As an example of the
expected recovery of transient attenuation, the vertical arrows in Fiq., 2
indicate the reduction in attenuation after 1 msec. As implied by the 20°C
specification, recovery in the Corning fiber is temperature dependent with

the recovery being slower at lower temperatures. In contrast, for temperatures
greater than =54°C the recovery kinetics in the Schott fiber are independent

of temperature.9 Mattern, et al” and Skoog? found that the kinetics of
attenuation recovery in qlass fibers are also generally independent of radiation

dose, dose rate, and type of radiation.

The peak transient attenuation curve for the plastic Crofon fiber in Fig. 2
is similar to that for the glass fibers. However, unlike glass fibers the
intrinsic attenuation in plastic core fibers often increases with increasing
wavelength above 600 nm. Since this dependence is opposite to that for the
transient attenuation, the resulting total net attenuation following a

radiation pulse will have a minimum whose wavelength location may be time

o«

dependent. 1In addition to this complication, the recovery kinetics can depend
on the ambient temperature and atmosphere, the recoery proceeding more

slowly in oxygen free environments (vacuum, N2)°7'9
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SECTION III

EXPERIMENTAL PROCEDURES

I U T - ATy ey

All of the LFDs examined in this study were fabricated at Plessey Research Labs,
Caswell, England. The devices were supplied in three groups as shown in Table 1
which lists each LED and its characteristics. All of the devices are high

radiance, double hetercstructure etched well LEDs with either GaAs or Ga, ggAl ggAs

P

active regions grown by liguid phase epitaxy. The structures of the LEDs are

similar to that shown in Fig. 3 with the exception of the variations given in

bl gl -

Table 1. The camplete pigtailed LED is shown in Fig. 4. From the point of

sl

view of radiation damage, three camponents of the LED are of interest:

{1) the LFD chip itself, (2) the silica-titania lens, and (3) the optical

Py TN TN

fiber making up the pigtail. Although pigtailed devices were included in the
first group, no data were obtained on than tor two reasons. First, the j
mechanical integrity of these early pigtailed LEDs was such that the pigtails
became easily detached. Second, attempts were made to mount these devices i
on Al blocks for reproducible low temperature testing. However, considerable 3
breakage occurred and these efforts were given up. As a consequence only

data on "hare" (unlensed, unpigtailed) LEDs were obtained fram the first

group of devices.

e al

As indicated in Table 1, the second set of LFDs (OIO03, X004, CXLOO9,

) e

CXL0).3) contained GaAs and GaAlAs lensed devices with and without fiber
pigtails. Therefore, camwparisons of results taken on these devices and those
in the first group allowed us to assess the relative radiation sensitivity

of the three major LFD camponents. The purpose of the final and third set
of 12 LEDs was to determine the variation in radiation sensitivity within

a group of devices that were all essentially the same. This was contrasted
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same. This was contrasted with the first two sets of devices in which there

were never nore than two tested LEDs which were the same. It is our understanding

that this last seL of LFEDs represents the final design for the intended application.

In addition to the various LFDs supplied for this study, separate pieces of
Corning fiber were also provided. Two different fibers were examined in the
course of this work. The earlier fiber was a Corning step index 1025 silica
fiber with a core diameter of 90um and N.A. = .16. More recently we have
studied the fiber now used as a pigtail for the most recent set of 12 LEDs.
This is a step index Corning (SDF), cdesignated BP356, with core diameter of

100um and an N.A. of 0.3.

when studying light attenuation in short lengths of fiber as appropriate for
pigtails, one must take care that cladding modes are not present in the light
emitted fram the fiber. This is because in most applications these modes are
lost so that inclusion of them in the detected signal will result in an
erronecus estimate of the radiation-induced attenuation if the cladding modes
are affected differently by irradiation. If the fiber being tested is not
long enough to cause damping of the cladding modes, an oil of appropriate
index of refraction placed on the cladding along about an inch ~f fiber will
allow these modes tc escape fram the fiber. This type of mode stripping was
used in our experiments when necessary. Checking for cladding modes was

accamplished by either passing visible light through the fiber to be tested,

or for a pigtail, by viewing the LED ocutput fram the pigtail through an infrared
microscope. An example of such a check is shown in the two photographs in Fig. 5

taken end-on of the light exiting from a short length of the Corning step index

15
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a} No mode stripping oil.

b) With mode strip;ing oil.

An exarple of the stripping of cladding modes fram a short lenath
of the Zorninc 1725 step index fiber. These micro photographs are
of green light emittad fram the end of the fiber 3t aml

without a few drops of hiqi: index o0il spreal along aporoxi-
mately 1 in. of the cladding. In tie upper picture, note

“he outer ring of light lue to mode propagation witliin the
cladding.
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1025 fiber. Note the ocuter ring of .ight emitted from the fiber prior to using
high index mode stripping ojil. An additicnal easy check was to use a portable
IR viewer to lcok for light leakage on the portion of fiber on which the oil

was placed.

‘

In the course of testing the LEDs several radiation facilities at Sandia National
Labs were used. In each case the measurement technique varied samewhat so that
we will discuss the radiation source and the measurement methods together for
each radiation source. The central part of our studies concerned the deter-
mination of permanent neutron damage effects on the LED characterisitics. The
LED parameters of interest were total current, total light output, and electro-
lurdnescence spectrum as a function of forward bias woltage prior to and
following successive neutron irradiations at room tenperature in the Sandia
Pulsed Reactor (SPR) facility. This reactor is a bare, unmoderated reactor
which has a near-fission neutron spectrum with an average energy of approximately
1 MeV. The reactor can be operated steady state or in the pulsed mode for

which the neutron pulse is approximately 45 psec wide. The neutron fluence,

¢, for neutron energies greater than 10 KeV was measured by sulfur

dosimetry using the appropriate horon-shielded plutonium=-to-sulfur ratio for

the SPR,

For LEDs without pigtails measurements were performed at both roam temperature
and liquid nitrogen temperature (76K). The LEDs were reproducibly mounted in
a cryostat whose window looked directly into a cooled S-1 response photo-
multiplier for total output measurements, or into the entrance slit of a

1 meter Perkin Flmer grating monochramator for spectral measurements. The
photomultiplier signal was phase sensitiviely detected and processed by a

HP9825A calculator system which controlled the measurement system.

17
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In the case of the pigtailed WEDs measurements were made only at room temperature.
The end of the fiber was mounted in the slot of a 3 inch long 1/4" diameter
cylinder. The bottom of the slot was approximately the same diameter as the
fiber cladding diameter so that the fiber did not move appreciably within the
cylinder. The cylinder could then be reproducibly mounted in an x-y translator

at the same distance from the face of the S-1 photomultiplier or the mono-

R R Y PR

chromator slit after each neutron irradiation.

Measurements of LED output during and immediately following a neutron pulse from
the SPR were also conducted. After selecting the appropriate distance for the
desired fluence, a fiber was set up in front of the LED to accept the light
output. All but about 1 inch of the fiber was shielded with lead to eliminate
attenuation and luminescence due to the prompt gamma rays accompanying the

neutron pulse (approximately 1.6 x 105 rads = total reactor output per pulse).

The amount of gamma radiation absorbed by the fiber is considered to be negligible.
Approximately 30 meters of fiber was required to transfer the light output

from the reactor room to an adjoining instrument building where the signal was
detected by a Si APD and displayed on an oscilliscope. Problems were encountere-

because of the sensitivity of the APD to gamma rays and electrical noise even

as far away as the instrument building. However, measurements with additional
detector shielding revealed that pulses observed during the neutron burst were

due to these sources and not to effects occurring in the LED or shielded fiber,

The Sandia Gamma Irradiation Facility (GIF), a Co-60 source with a maximum strength
of approximately 10 megarads/hr, was employed for studying permanent gamma induced ;
damage in both LEDs and fibers., LED irradiation and measurement were carried
out in the same manner as for neutron irradiation. That is, the LED was

reproducibly mounted in the cryostat and measured prior to irradiation, taken

18
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out to the GIF for exposure, and then returned to the laboratory for post-~irradiation
measurement. In Contrast, Co-60 induced fiber attenuation was measured with

the fiber in place within the GIF cell. The LED and detector were mounted

outside the cell, the fiber was aligned in front of each and this setup was not

disturbed until after post-irradiation measurements were made. The irradiation

of the fiber was accomplished by running the fiber into the cell through
serpentine access holes and back ocut again. This arrangement allowed pre~ and
post~irradiation measurements to be made without the problem of LED/detector-

fiber alignment reproducibility.

Transient ionization effects in the Corning fibers were studied using two pulsed
electron beam machines in the X-ray mode: the Relativistic Electron Beam
Accelerator (RFBA) and the High~Energy Radiation Megavolt Electron Source II
(HERMES II). It was necessary to use HERMES II, the larger of the two machines,
in order to exceed dose rates of 1 x 1011 rads/sec. lowever, most of the work
was done on REBA which generates an X-ray pulse approximately 50 nsec wide using
an average electron energy of about 2,5 MeV. The experimental set-up for the later
o temperature dependent measurements on the Corning SDF fiber is shown in Fig. 6.
A fiber length sufficient to produce significant attenuation was wound in roughly
a 3 inch diameter circle onto a brass block which could be cooled with cold
N2 gas. The fiber was held down with a flexible plastic plate in order to avoid '.

stressing the fiber during cooling or heating., The light source for the fiber

was one of the recently obtained pigtailed GaAlAs LEDs. The pigtail was fused
to the test fiber whose other end was butted up against a 200um dia. core

PCS carrier fiber which transferred the signal into an instrument van, An RCA
temperature compensated Si avalanche photodiode with integral pre~amplifier was
usad as a detector. The signal was monitored with transient digitizers and
oscilliscopes covering sweep times of 100 nsec to 0.1 sec., MNosimetry (TLD 400's)

was used on each shot in order to monitor the dose received by the fiber,

' 19
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SECTION TV
EXPERIMENTAL RESULTS

1. Permanent Neutron Damage Effects on LFD Spectra

In this section we present the results of measuremments of electroluminescence
spectra at 76K and 300K before and after successive neutron irradiations of LEDs '

fram the three groups shown in Table 1.

The dependence of the emission gpectrum on LED current prior to any irradiation
is shown in Fig. 7 at 76K and Fig. 8 at 300K for the bare GaAs LED, D2503AP-50.
At 76K, Fig. 3 illustrates the typical "shifting-peak" spectra often cbserved
for GaAs LEDs at low tenperatures.l The shift of the peak to shorter wavelength
as the current is increased fran 9.0uA to 24mA is due to reccrbination of excess
carriers between their respective Fermi levels, the separation of which is
proportional to applied voltage. Therefore, as the voltage is increased the
peak energy increases. In contrast, Fig. 8 shows that at 300K no peak shift

is observed over the range 30 A to 75mA, As indicated in Fiq. 9, this is

also true for the bare GaAiAs LEDs at room temperature. However, as shown in
Figs. 9 and 10, multiple peaks are usually ohserved for the GaAfAs LEDs at 300K
and 76K. As in the case of GaAs, peak shifts £s a function of current are

also cbserved for GaAiAs at 76K, Note that the high enargy, near-edge

peak has a stronger shift than the longer wavelength impurity emissior..

These results are not merely device physics details; rathsr they are relevant

to fiber optic data lirk applications hecause the hahavior of the fiher ir a radia-
tion anvironment is dependent on wavelength.’:8/9 For exanple, the occurrence

of shifting peak spectra at operoting temperatures could cause problems if the

LED emission shifts to wavelengths where fiher attenuation {s increased when

the LED current is changed.
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Figures 11, 12 and 13 show the neutron-induced reduction in gpectral output

at 76K and 300K, respectively, for the GaAs LEDs at a constant current of S5.0mA.
Note that for D2503AP-50, the reduction irn output is much greater at 300K

than at 76K for fluences varying from 6.6 x 1012n/am2 to 5.1 x 1014n/am2,

This difference necessitates the use of a log scale for the 300K data in Fig. 1l2.
At both temperatures there is no significant neutron~induced change in

spectral shape or peak wavelength except for large fluences at 76K. This is
also true of the room temperature data for the later lensed GaAs LED, CXLO04-
81, shawn in Fig. 13. This independence of peak energy is important for
reasons outlined in the previous paragraph. Comparison of Figs. 12 and 13
indicates that the bare and lensed GaAs LEDs have about the same degradation
rate. This rate is also characteristic of the CXL003 GaAs LEDs which are

both lensed and pigtailed. Consequently, from the point of view of spectral
degradation, the lens and pigtail have no significant effect on neutron-

induced degradation.

Neutron-induced spectral degradation in the GaAtAs TEDs is {llustrated in
Figs. 14-16., A comparison of Figs. 14 and 15 for P65B-13, the bare LED,
indicates that as in the case of GaAs the spectral output of GaAfAs is less
sensitive to neutron degradation at 76K. At this temperature and in the mA
range, the longer wavelength impurity emission is prominent. Note that the
degradation rate of this band is approximately the same as that for the rear-
edge emission at 0.80um., In contrast, the temperature spectra at 5,0mA shown
in Fig. 15 indicate that the near edge emission band is more sensitive to
degradation than the impurity emission. At lower currents, however where the
long wavelength band is more intense than the edge emission, the degradation

rates are about equal.
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An example of spectral degradation of one of the pigtailed LED: from the most

recent group is shown in Fig. 16. Note that the long wavelength emission

band exhihbited by the first group of LEDs is not presenst in these later devices.
As for all the other LEDs at 300K, neutron irradiation does not result in a

peak shift of the emission band. The degradation rate shown in Fig. 16 is

approximately the same as that for the bhare LED in Fig. 15, again suggesting

that the lens and pigtail do not play a role in the LED deqradation.

The next three figures, Figs. 17-19, illustrate a series of spectral conparisons
between various LED types. Returning attentjon to GaAs, Fig. 17 shows a
canparison between the Plessey bare 1ED, N2503AP-50, and a similar LED selected
from a group of devices manufactured for our radiation effects studies hy Texas
Instruments (TI). While both are GaAs IEDs, the structures are significantly
different in that the TT device, SIH-1-2, is a planar emitter with a buried
junction structure. These 300K spectra have heen normaiized to the same peak
value. The junction area of SLH-1-2 is abcut 100x greater than that for
D2503AP-50. Therefore, the currents imdicated result in approximately the

same current density. Note that the spectral shapes are quite similar except

that the D2503AP-50 LED has a peak location at a slightly longer wavelength.

Four normalized spectra are shown in Fig. 18 at 300K and a LED current of 5.0mA. ‘
All the LFDs are Plessey devices, three are GaAs, while P65B~-13 is a bare GaAfAs |
LED. The structure of the three GaAs LFDs is as follows: D2503AP-50 is

bare, CX1.004-81 has no fiber pigtail hut does have a lens, and CXLNN3-82 has t
both pigtail and lens. The spectra for the two unpigtailed LEDe are identical

while the fibered LED spectrum has the same shape hut is shifted to shorter

-y
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wavelengths. This result indicates that the lens has no effect on the
spectrum, hut the Corning fiber pigtail, because of its absorption and
ocoupling characteristics, may be responsible for small changes in the LED

output spectrum,

The GaAtAs (P65B-13) spectrum im quite different from any of the GaAs LEDs.
The shorter wavelength hand {s of course due to the increased energy gap of
the GaAiAs which allows the edge emission to occur at higher energies than in
GaAs. These GaAtAs devices also poasess a longer wavelemgth impurity emiasion
hand centered at about 0,93um which is not present in the GaAs devices. As
shown in Fig. 19, this band also does not occur in later GaAfAs devices
supplied by Plessey. The CXIN09-93 and C45-124-44 samples have a fihber and lens,
while CXLO13-18 has only a lens. Apparently these later LEDs are lacking the
impurity or defect responsihle for the long wavelength band, The {ntroduction
of this impurity band may be due to material variations or to the fact that proton
bombardment isolation was used for CXL009, CXLO13, and C45-124-44 while oxide
isolation was used for P65B., The slight 4difference in pesk location between
CXL009 and CXLO13 {s in the opposite direction compared to GaAs (Fiq. 18) for
fibered versus unfibered LEDs. This result suggests that these shifts are

due to effecte other than the fiber or that the fiber attenuation i{s a minimum
near 0,84um; that is for GaAs there is increased fiber ahsorption above 0.89un
so that pigtailing causes a shift to shorter wavelength, while for GaAfAs the
attenuation increases with decreasing wavelength helow abnut 0.84;m causing

an opposite shift., At any rate, these shifts are relatively srall even in
comparison to the apparent doping level shift bhetween C45-124-44 (doping

level increased to increase speed) and CXLO09, CXLO13, P65B(2-3 x 1018Ge/cmd).
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2. Permanent Neutron Degradation of Total LED Light Output and Current-Vo).tage

In this section we prement a series of figqures depicting total light output versus
voltage and current and also the current-voltage characteristics as a function cf
neutron fluence. Camparisons will also he made between the various LEDs supplied

by Plessey (PL) and also with the planar LEDs manufactured by Texas Instruments (TI).

The results presented thus far indicate that the high radiance Plessey GaAs and
GaAfAs LEDs are quite insensitive to neutron irradiation. One of the

primary reasons for this is that these devices operate at very high current
densities in a range where the neutron-induced excess current is very small.
This result is deamonstrated in Fig. 20 vhere the current denaity, J, -voltage
characteristic of the Plessey GaAs IFD D2503AP-50 is compared with that of the
T1 planar GaAs LED, SLH-1-2, before and after about 5 x 10l14n/am. These data
extend to the maximum allowable operating current censity, Jn, for hoth LEDs.
At lower current densities both LEDs show significant neutron-added excess
current after 5 x 10}4n/an. Since this current does not cause light emission
it causes 2 decrease in light ocutput at oconstant total current. Note that at
ahout 1.2V, the voltage corresponding to Jp for SlH-1-2, the neutron-added
current ic about the sams for both LFDs., Fram another point of view, at

J = 100a/an the decrease in the voltage necessary to maintain this value for
J is actually greater for the Plessey LED, D2503AF. However, ahove a voltage
of about 1.4V (J » 4 x 103A/am?) there is no neutron induced current for the
high radiance IFD, D2503AP. Since this upper current range corresponds to
typical operating levels, this camponent of neutron deqradation does not

contrihute to reduced output at constant currsnt for practical applications.

The lack of neutron-induced excess current at high currents in the various

Plessay GaAs LEDs examined in this study is illustrated in Fig. 21. The devices
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included in this figure are: the bare LED, D2503AP--50; the lensed but unfibered
LED, CXL004-81; and the lensed and fibered LFD, CXI0N03-82. Figure 21 shows

that the neutron-added current is generally similar for the three devices.,

At low voltages there is significant additional current, bhut in the high

voltage range there is no neutrori—-induced excess current. We conclude therefore,
that as one might expect, the lens and fiber do not influence the neutron-induced
excess current in the LED whether bare or completely packaged. Similar
comparisons and conclusions can be drawn for the GaAfAs LEDs. For example

the comparison shown in Fig. 22 of the bare Plessey device with a similar

GaAiAs planar IED from TI again illustrates the lack of neutron-induced

currents at high currents. Indeed, from the similarity in the shape of the
curves at low voltages, one suspects that if the TI device could be operated

at higher current densities it would show a s! .1lar characteristic.

In addition to neutron-added current, a major component of neutron-induced

light output degradation is the reduction in minority carrier lifetime due to
the introduction of recombination centers in the neutral p-region where radiative
recombination occurs. These neutron induced centers compete for excess

carriers resulting in reduced light output at constant voltage. Since the
neutron added current can be accommodated at constant voltage, this mode of
degradation is not ohserved when the voltage is held constant. Therefore,
comparisons of light output degradation revealed in plots of total light
intensity, L, versus voltage provide information about the degradation due to
competitive nonradiative recombination at neutron induced centers in the neutral
region. Such data are shown in Fig. 23 for the bare Plessey GaAs LED, D2503AP-50
and the planar TI device, SLH-1-2, Over the entire voltage range, L decreases

more rapidly with neutron fluence, ¢, at constant voltage for D2503AP-50
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than for SIH-1-2. Recall that the neutrcn induced excess current was stronger
for SLH-1-2 than for D2503AP-50 at their respective maximum operating currents.
consequently, the extent of the two modis of deqradation differ merkedly in

these two devices.

A comparison of light intensity-voltage characteristic prior to and following

an irradiation of approximately 5 x 1014n/om2 for the three types of GaAs LEDs

studied is given in Fig, 24. These data and additional results on LEDs from

these groups indicate that neither the lens nor the pigtail affect the light

output degradation rates as a function of voltage. In Fig. 24 at lower voltaaes

there is some variation in the reduction of L, but note that at larger voltages 3

this decrease is ahout the same for the three LEDs.

Turning attention to the GaAfAs LEDs, Figs. 25 and 26 illustrate comparicons
of the L~V characteristic for ™65B~13, the bare GaAfAs LED, with the bare GaAs
LED and a TI planar GaA‘ss LED, respectively. Note that P65B-13 experiences
less degradation over the entire voltage rarge than either of these other LEDs.
As in the case of the GaAs LEDs, similar data for fibered and lensed LFDs and
for lensed-only LEDs show that neither the fiber or lens play a role in the

degradation of the L-V characteristic. ;

Thus far we have presented results illustrating two modes of neutron-induced
degradation of LEDs: (1) excess non-radiative current, and (2) light output
reduction due to competing recombination at non-radiative centers in the
neutral region. As indicated in the Background section, when light output is
measured as a function of LED current, one observes the combined effect of both

these types of degradation, Consecmently, the light output reduction at

oonstant current is greater than that at constant voltage. The next four
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figures, Figs., 27-30, illustrate these combined effects, In Fig., 27, L is
plotted versus current density for the bare Plessey GaAs LED, D2503AP-S0,

and the TI planar GaAs LFD, SIH-]-2, Recall that SLH-1-2 exhibited greater
neutron—-induced current but less light output degradation at constant voltage.
Therefore, for constant current operation one expects the net effect to he
approximately the same degradation rate in the two devices. The two groups
of curves in Fig. 27 have about the same shape and separation with fluence

indicating that this is the case.

The data in Fig, 28 illustrate that the three types of Plessey GaAs LEDs, that
is bare, lensed, and fibered and lensed, have approximately the same constant
current degradation rate over the range of current investigated. This is to be
expected since the 1~V data indicated that the lens and fiber did not affect the
LED degradation rate. This conclusion is supported by additional data on other
Plessey GaAs LEDs, In the case of the GaAtAs LEDs, both the excess current

and the degradation of L at constant voltage were less for the Plessey device,
P65B-13, than for the equivalent TI planar LED, SIH-5~5. Consequently, we

can expect that for constant current operation the Plessey GaAfAs LEDs will
possess a significant range over which they are insensitive to irradiation
relative to the TI devices. This is borne out by the light intensity-current
density curves for P65B~13 and SLH-5-S in Fig. 29. Note that over the entire
range of J, P65B-13 degrades less with fluence (the maximum ¢ for P65B-13 is

> dmax for SLH-5-5) than SLH-5-5. The degradation rate is also significantly

smaller than for the GaAs IFDs.

A comparison of bare, lensed, and fiber plus lensed GaAfAs LEDs is given
in Fig. 30 for light intensity versus current prior to and following

5 x 1014n/cm?.  There is some variation in light intensity degradation at
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Neutron-induced degradation of roam tamperature total light intensity
as a function of current density in a bare Plessey, high radiance

GaAs LED (D2503AP) and a planar TI GaAs LED (SL#-1-2). The degradation
rates are roughly the same in the two devices.
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constant current depending on the current one selects. This is attributed to
material-induced variations in pre-irradiation lifetime rather than any effect
of the lens or fiber. Other LEDs examined in this manner do not reveal any
trend that can be associated with the lens or fiber. In addition, one should
note that the lower fluence for CXL009-93 is partially responsible for the
smaller degradation relative to the other two LEDs. In spite of the differing
degradation rates, one can say that for ali three LEDs the degradation is

less than that for the GaAs LEDs for similar fluences. As in the case of GaAs,
there is no evidence that the presence oé the lens or the fiber pigtail, or both,
affects the response of the LED to neutron irradiation.

The comparisons presented thus far between the various Plessey GaAfAs [EDs
have primarily concerned devices from the first two groups supplied to us. As
‘indicated in Table 1, the third group consisted of 12 similar LEDs (C45). The
purpose of testing LEDs from this set was to investiqate the variations in
radiation response within a similar group of devices. Nine of the twelve LEDs
were carried through a series of 8 irradiations to a maximm cumulative fluence
£ 1.1 x 1015n/cm2, Light output degradation as a function of current is shown
for these devices in Fig. 31. Except for 1.1 x 104n/cm? and 5.5 x 104n/cm2,
intermediate irradiations have been omitted for clarity. The symbols represent
average values for the nine LEDs, while the bars represent maximum and minimum
values within the set for a given fluence and current. Note that for both
pre— and post-irradiation curves, there is a greater multiplicative (note the log
scale) variation in output within the group at lower currents. As irradiation
proceeds, the length of the bars increases indicating a variation in radiation
sensitivity. However, at larger currents this change is not particularly

significant. It is also important to note that on a linear scale the variation
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in light output after a given fluence is small relative to pre-irradiation light

IAu..MI&W““' ] b

output values, Most important of all, however, is the fact that these LEDs
exhihit excellent radiation hardness at large currents. At 100mA the decrease

in average output after 5.5 x 1014n/cm2 is only a factor of 8.

3. Neutron Damage of LEDs at Different Temperatures

The effect of measurement temperature on the sensitivity to neutron irradiation

is shown in Figs. 32-34 for the bare Plessey GaAs LED. The changes in current-
voltage characteristics at 220K, 300K and 360K after the maximum fluence of

5.1 x 1014n/cn2 are shown in Fig., 32. Note that neither the magnitude of the
neutron-added current or its variation with bias depend significantly on
temperature. Figures 33 and 34 indicate that the neutron~induced decrease in
light output at constant voltage (Fig. 33) or current (Fig. 34) is also relatively
temperature independent. Close examination reveals that there is less degradation

at lower temperatures but this is not a significant effect.

The effect of GaAtAs ILFED temperature on the sensitivity to neutron damage is

shown in Figs. 35~37. Unlike GaAs (Figs. 32-34), there is a small but clearly

o e ol Gl b o Y L b e B B et s

discernible temperature effect. Both the neutron-induced excess current {low
voltages in Fig. 35) and the light intensity degradation (Figs. 36, 37) are
greater at higher temperatures. This dependence was also observed in other

GaAtAs LEDs; however, the temperature effect is not large enough to be of

significant practical concern, especially when compared to the temperature

dependence713'9 of the recovery of Corning fibers after an ionization pulse.

4. Transient Neutron-Induced Effects in LEDs

The output of a variety of LEDs was measured during and after a neutron pulse 3
from the SPR II reactor. These measurements were performed on three different

occasions with some of the earlier experiments beir] repeated because of moise
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and gamma ray pulses present 1n the early data. In addition to Plessey LEDs the

el ) %lunl-MMAq ‘

following LEDs were also irradiated: (1) The TIL26, an amphoterically Si doped
GaAs LED fabricated by TI which is very sensitive to irradiation, (2) an LED with
similar sensitivity manufactured at Bell Labs which is also amphoterically Si
doped but in this case, GaAfAs, and (3) the TIXL-35, a TI 2n diffused GaAs LFD
which has a dome shape to minimize self absorption, and which exhibits very good

radiation hardness.

Examples of the earlier measurements are shown in Figs. 38 and 39 for the
Plessey bare GaAs LED, D2503AP-50, and LEDs from other suppliers, respectively.
The reproductions of the three scope vhotographs in Fig. 38 illustrate the
detected light pulse and LED current prior to, during, and several minutes
after the neutron pulse, The upper trace is the signal transmitted via fiber
to the APD in the instrument building, while the lower signal is the LED current,
Note that in the center diagram after LED turn-on but before the neutron
pulse, the light signal is the same magnitude as in the upper figure. The
neutron pulse reaches a peak approximately 200 us after LED turn-on. At the
end of the light pulse the signal has decreased relative to the pre-shot level
by 3 to 4mV due to the neutron damage. This signal is equal to that taken
several minutes later, shown in the bottom figure, indicating that there is

no slow recovery of the damage. This latter result, that is the absence of

slow transient annealing is characteristic of all the LEDs examined.

As indicated in the experimental procedure section, the positive pulses observed
at about the same time as the neutron burst, as shown in the center drawing

of Fig. 38, were due to extraneous effects such as electrical noise and

gamma rays arriving directly at the APD. There was some eviderce of fiber

luminescence in these early measurements and also in the later data. However,
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Neutron pulgse exposure of a bare Plessey
GaAs LEC (D2503AP-50). Pulse fluence is
1.2x10h/cm?.  This LED had already been
subjected to neutron irradiation. The
peak in the center picture ie an artifact
due to both electrical noise and gamma

+3y  exposure of the detector. Upper
trace is the light signal transmitted via
fiber to an avalanche photodiode. Lower
signal is the LED current pulse (150mA)
viewed across 257. For all three pictures,
vertical deflection for the light signal
is smv/division and 2v/division for the
current. Sweep time is 100us per division.
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it was very weak as one would expect since most of the fiber near the reactor
was shielded with lead. Further evidence of spurious electrical noise is shown
by the peak on the LED current trace in the central diagram. Note that the
vertical sensitivity for this trace is 2 V/cm in contrast with that for the
light signal of 5 mV/cm. The neutron fluence delivered in the pulse was

1.2 x 1013n/am? which resulted in about a 50% decrease in light output for the

Plessey Gahs LED.

Figure 39a graphically demonstrates the radiation sensitivity of the TIL-26 when
exposed to a neutron pulse for which ¢ = 5 x 1012n/em2, Note that the light
output near the end of the current pulse is nearly zero in contrast with the
pre~shot signal of approximately 40 mV. Similar data is shown in Fig, 39b for the
Bell Labs GaAfAs LED which is also quite sensitive. This is not the case,
however, tor the relatively radiation hard TIXL-35 GaAs LED shovm in Fig., 39c.
Note that a pulse fluence of 4.4 x 1013n/am? is required to produce a 60%

reduction in output, a fluence value nearly ten times that for the TIL26,

Additional results of pulsed neutron measurements are shown in Fig, 40 for
the bare Plessey GaAiAs LED P65B-13 and one of the recent pigtailed GaAAs
devices from the 3rd group in Table I. In both cases the decrease in output
after the pulse is relatively small. As ona might expect there is a positive

signal dvue to luminescence in the fiber pigtail.

All of the pulsed neutron results have two features in common, First, there
are no transient effects occurring within the LED during and immediately after
the neutron pulse, The LEDs operate in normal fashion through the pulse

and there is no increase in output immediately after the pulse which would

be characteristic of transient damage recovery. Second, measurements several

minutes after the pulse indicate that there is also no slow component of recovery,
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TIL-26 exposed to neutron pulse
of 5x10'n/am?. Vertical deflec-
tion is lOmv/div. on upper trace
and 2V/div. on lowexr trace. LED
current = 100mA.

Figure 39.

Bell Labs GaAfAs: Si LED exposed
to 4.3x10'*n/em?, Vertical
deflection is 5mv/div. on upper
trace and 2V/div. on lower trace.
LED current = SOmA.

TIX{~35 GaAs: 2n with a neutron
turst of 4.4x13*n/an?. Vertical
deflection is SmV/div. on upper
trace and SV/div. on lower trace.
LED current = 150ma.

Neutror pulse exposure of three different
LEDs: TIL26 is a highly sensitive amho-
terically Si doped GaAs device: the GahlAs
LED in the center is also amphoterically Si
doped and very sensitive. In the bottom
picture, the TIXL-35 is a 2n diffused, dome
shaped GaAs emitter whose hardness is
relatively good. The peaks in the pictures
are artifacts due to electrical neise and
gamma rays. The upper trace is the light
signal while the lower trace ig the LED
current. Sweep time for all three pictures
is 50us per division,
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a) Plessey bare GaAlAs LED
- _J exposed to ¢ = 6.5x10'2n/on?
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b) Plessey pigtailed GaAfAs LED
exposed to ¢ = 5.1x10' *n/am?,
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Figure 40. :

Neutron pulse eqposure of two Plessey LEDs: a bare GaAlAs LED N
(P6SB) and a pigtailed GaAlAs device (C45) fram the most {
recent group. Special care was taken in these later measure-
ments to eliminate the extraneous effects of noise and gamma
ray interaction with the detector. Therefore, the peak in the
lower picture is due to fiber luminescence as cne would expect
since the pigtail was also exposed. The upper trace is the
light signal (10mv/division) and the lower trace is the LED
curtent through a 25 Q resister (1V/division). Sweep time is
SOus/division. g
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5. Permanent Gamma Ray Damage in LEDs

The effects of Co~60 gamma ray irradiations to doses of 1 x 106 rads on the light
output—-current characteristics of various LEDs are shown in Fig. 41. These

data demonstrate that a Megarad has no effect on the cutput of either the bare
Plessey GaAs or GaAfAs LEDs. The decrease in output for the recent pigtailed
GaAfAs LFD is then associated with gamma-induced permanent attentuation in

the fiber pigtail which is approximately lm long. As will be shown, 1 Megarad

is enough to affect lm of the Corning fiber.

6. Permanent Gamma Ray Attenuation in Fibers

As indicated earlier, the changes in permanent attenuation caused by a single
Co—60 exposure of 1 x 106 rads were determined by in situ measurements within
the Co—~60 Gamma Irradiation Facility (GIF). For the earlier 1025 fiber,
transmission through the fiber was reduced by 14.2% for GaAs and 13.3% for
GaAfAg due to a dose of 1 Megarad. For the length of fiber employed these
values correspond to an induced attenuation of .15 dB/m (GaAs) and .13 dB/m
(GaAfAs). These results are samewhat lower than previous work’:8:9 on

Corning OVPO water-containing fibers, but agree withir an order of maanitude.
Data taken on the later SDF fiber agrees more closely with earlier studies.’:8,9
Our results indicate that the induced attenuation due to 10© rads was 0.43 dB/m

at 820nm and 0.37 dB/m at 900 nm in the SDF fiber.

7. Transient Attenuation in Corning Fibers

As indicated earlier, two fibers were examined in this study. Although both
fibers were fram Corning, they have different characteristics. The earlier
fiber was a step index 1925 silica core fiber with an N.A, = 0,16 and a core
diameter of 90 um. More recently, a step index SDF (short distance fiber)

(BP356) fiber with core diameter = 100 um and N.A. = 0.30 has been studied.
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Figure 11. The effect of 1x10¢ rads Zo-60 garma rays on three different Plegsey
UDS: a bare GaAiAs device (P65B), a bare GaAs LET (D2503AP), and
a pigtailed GaAiAs LED (C45) fram the most recent group. Data for
the pigtailed device have been divided by 100 for purposes of clarity.
For the bare LZDS, this irradiation does not affect the light intensity
: as 3 function of cwrrent. In the case of the pigtailes LED, the small
' decrease in output is due to induced attenuation ir the fiber pigtail.
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This latter fiber is the same as that used for the pigtails on the most recent
set of LEDs received from Plessey. As will be shown in more detail below, our
results éuggest that the peak transient attenuation, apr is about thé same

in the two fibers, but the attenuation recovery kinetics differ significantly

between the two fibers.

In order to span a relatively large range in dose, the 1025 step index fiber
was exposed to 50ns X-ray pulses on both REBA and HERMES. Peak transient
attenuation, aps values derived from thesé measurements are shown in Fig. 42
as a function of the dose rate, ;. Since the fiber pigtails on the recent
LEDs are typically lm long, these data and those in subsequent figures can

be read directly as the attenuation one can expect in the LED pigtail. Four
types of data are shown: a separate piece of test fiber using first a GaAs
_éource and then a GaAfAs source, and entire pigtailed GaAs and GaAfAs

LEDs. The data for the GaAs source at 900nm lie along one line both for the
test fiber and the pigtailed LED. The same is true for the GaAsfAs at

about 820rmm except there is greater attenuation at the shorter wavelength.
This is to be expected since transient attenuation in glass fibers is usually
greater at shortér wavelengths.718r9 The slope of the lines indicates a linear
relationship between ap and ; which is in agreement with previous work at
dose rates in this range.”'9 The coincidence of pigtailed LED and test fiber
data implies that neither the lens nor the LED chip itself are affecting the
transient attenuation results. Lastly, the magnitude of p is in agreement

with previous studies?/9 of similar fibers.

The normalized recovery of the transient attenuation is shown in Fig. 43 for

the 1025 step index fiber. These data indicate that the recovery is independent

of wavelength and dose rate as found in previous work.’r? In addition, although
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Figure 42. Peak transient attenuation induced in a Comning 1025 step index fiber by
50 ns wide X-ray pulses. These data were taken on both REBA and HERVMES
at roam tamperature. In the case of the bare GaAs and GaAiAs LED
aources. the LIDS thamselves were not exposed to X-rays. For pigtailed
devices, the entire LED including pigtail was exposed.
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not shown, the HERMES-IT data to y ~ 1 x 1012 rads/sec also coincide with the

results in Fig. 43. These measurements were taken at room temperature which is
important to note because earlier work,7+9 and the data taken on the SDF fiber,
to be described next, have shown that recovery of Corning fibers is temperature

dependent.

Turning attention to the more recent Corning SDF step index fiber, BP356, Figs.
44-48 present the transient attenuation results for this fiber. Realtive to the
earlier fiber, the range of y is less with the emphasis now on the temperature

dependence of the attenuation. Shown in Fig, 44 are ap data as a function

e «w—-‘f~

of dose rate and temperature. For the range of dose rates, the increase in ap §
with ; is linear at the measured temperature. Note that ap increases much {
more rapidly at lower temperatures., Also included in Fig., 44 is a room temperature _
curve of the attenuation present lms after the X-ray pulse. This curve demonstrates t
that significant recovery has occurred in lms. The 25°C curve for ap indicates {

that the peak transient attenuation in this fiber is approximately the same as

that shown in Fig, 42 for the earlier step index fiber,

The peak transient attenuation data is shown plotted versus temperature in
Fig. 45 with dose rate as a parameter. Once again, note the increase in ap
El as the fiber temperature is decreased. The inverse dependence on temperature

is stronger at larger dose rates.

Recovery of the X-ray induced transient attenuation at different temperatures

is shown in Fig. 46 for a dose rate of 3.7 x 1010rads/sec. As one would expect, ; i

the recovery is much slower at lower temperatures. Note that at -45°C the

attenuation is still 1dB/m at 1 sec after the X-ray pulse. Tne recovery

‘ curves for the other dose rates have the same appearance as the family of

curves in Fig. 46.
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In order to discover whether or note the recovery rates depend on dose rate or
temperature, one must examine the data in normalized form as in Figs. 47 and 48.
In spite of the nommalization to Ty the curves in Fig. 47 have retained
approximately the same separation as in Fig. 46. Thus, there is a tenperature
dependence of the attenuation recovery kinetics. This is in agreement with
previous studies of doped Corning fibers.”.8:9 In contrast, certain fibers
such as some pure silica core fibers, exhibit a temperature—independent recovery
over a significant temperature range.7'9 A comparieson of the roam temperature
curve in Fig. 47 with the data in Fig. 43 reveals that the recovery in the SDF
fiber is much slower than in the 1025 fiber. For example, in 0.2ms a(t)/cb for
the 1025 fiber has decreased to 0.1 while 45ms are required for « (t)/ay in

the SDF fiber to reach the same value.

The results in Fig. 48 demonstrate that unlike the 1025 fiber, there appears to
be a small dose rate dependence of the recovery in the SDF fiber at all the
measured temperatures but the highest temperature of 75°C. Because the dose
rate effect is relatively small, and because a dose rate dependence is rather
unusual for fiber recovery, this effect is not considered to be real. In fact,
at 25°C, a(t)/a p for 5.0 x 1010 rads/sec is smaller than that for smaller

dose rates.
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SECTION V

DISCUSSION

Since the primary radiation effects we have observed are permanent neutron damage
in the LED chip itself and transient atteruation in the fiber pigtail, we will

restrict our discussion primarily to these two phenamena.

1. Neutron Damage in the LEDs

We have seen in the previous section that the neutron induced degradation of the
LEDs is made up of two major components: (1) the neutron induced excess current
which leads to less light output for constant current operation, and (2) the
campetitive non-radiative recombination of excess carriers at neutron-induced
centers in the neutral region of the LED. Since the neutron added current can be
acocnmmodated at constant voltage, the second mode of degradation is responsible
for reduced output at oconstant voltage. The neutron induced excess current can be
minimized under practical operating comditions by employing a small junction area
LFD so that the current density is very large. The second mode of degradation can
be minimized by heavily doping the light producing region. This is known to
increase the speed of the LED through a reduction in minority carrier lifetime,

If done properly, this process does not result in a significant reduction in light
output power. The final set of 12 GaAfAs LEDs received from Plessey have
increased doping in order to decrease the rise time of the LEDs. Through additional
comparisons among various LEDs, it will be shown in this section that the Plessey
GaAfAs LED8 embody both techniques of reducing degradation, and are, thus,

the nost radiation hardened, high light output LEDs studied by this author.l

The neutron induced degradation of constant voltage light output is ghown in Fig.
49 as a function of neutron fluence for two of the Plessey high radiance LEDs ard

three of the planar TI devices., Comparina the two GaAs LFDs, the TI device starts

79

o o5 R e N R § PSS £ AT TR T A

.o




TR e Y Y

t T 1 LR SRR rl L] T I T T |‘]T ) B T 1T T ¥ |IT_‘
. TT--0 ]
R \o ]
Nl‘oh \O .

o= AN i

LIGHT INTENSITY, ARBITRARY UN!TS

/
/
?f

| Lljl_l_l

/.
/
7

tagure 49.

O — PL GaAs-1.605V \\\<‘
10! L @ — 71 GaAs-1L.210V ® -
- A - T1 GogahlggAs-1.300V o 3
[ ¢ - PL G0 gsAlggAs~2.000 V A ]
i ® ~ Ti GoggAlgg As (HEAVY DOPING)-1.300 V ® 1
100 das Al Lol 4ol U G BN I I N
“ loll loll |o|l
L— PRE-RAD NEUTRON FLUENCE, n/cm?

A cumparison of room tem.erature cchstant voltage light output
degradation curves for various LEDs. 1Included are the bare
Flessey GaAz (D2523AF) and GaAtiAs ®65B) and three planar TI
devices. MNote that the Plessev GaAlAs and the heavily Jdoped
T1 GaAlAs LEDs have about the same degradaticn rate. Also, the
Plessey GaAs LED dejrades more rapidly at constant voitage
than any of the other LEDs.
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out at a much lower initial value but hecause its deqradation rate is much less
than the Plessey LED for the voltages shown, the output of the two LEDs are
similar after 5 x 1014n/m2. The T1 GaAfAs LED degrades at a rate similar

to that for the TI GaAs device and greater than the rate for the Plessey GaAfAs
LED which has the least sensitivity at constant voltage. Note, however, that

for the more heavily doped planar GaAfAs LED, the degradation rate is less

than the other T1 GaAfAs device and about equal to that for the Plessey

GaAfAs LFD. This decrease in radiation sensitivity with increased doping is

a demonstration of the technique referred to above which results in increased
speed and a reduced pre-irradiation minority carrier lifetime. Because of material
induced variations in the preirradiation lifetime, these constant wvoltage
degradation rates can vary from sample to sample. However, as we have seen in
previous figures, the Plessey GaAfAs LEDs are always less sensitive to irradiation
than GaAs devices or TI GaAlAs LEDs with similar AR content. Tne fact that the
Plessey GaAs LED has the greatest degradation rate at constant voltage serves to
emphasize the importance of neutron-induced excess current for constant current
operation. This follows fram the fact that the Plessey GaAs LED has approximately
the same radiation sensitivity as the TI GaAs LED when operated at constant

current (Figqure 27).

The role of neutron added current is more graphically illustrated in Figure 50
for GaAs LEDs and in Fig. 51 for GaAfAs devices. The light output, plotted

as efficiency in Fig. 50, is shown at equal current levels for the TI and Plessey
GaAs LEDs. Note that the high radiance Plessey device degrades at the same rate
at 10mA as the TI devices do at 10mA and 50mA. However, for larger currents
where the neutron induced excess cu rent is minimal in the high current density

Plessey LFDg, the high radiance devices degrade at a slower rate. Similar effects
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50. Room temperature constant current light output degradation curves
for a bare Plessey GaAs LED (D2503AP) and a planar TI GaAs LED
(SLH-1-2). 1In this figure light output divided by LED current,
defined as the efficiency, has been plotted versus fluence.

Note that as the current is increased the Plessey LEDs enter a
range wihere there is negligible neutron-induced excess current
resulting in a slower degradation.
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Figure S51. Normalized room temperature light output degraBation curves for a
bare Plessey high radiance GaAfAs LED (P65B) and a planar TI
GaAfAas LED (SLH-5-5). Note that at the same current density the
two devices have similar degradation rates but that at higher
currents the Plessey LED degrades at a lower rate because of the
lack of neutron-induced excess current.
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are illustrated in Fig. 51 which shows light output normalized to the pre-
irradiation output versus neutron fluence for Plessey and TI GaA s 1EDs at
different currents. If the Plessey LED is operated at the same current density,
75.6 A/cm2, as the TI device the degradation rate is about the same in the two
LEDs. However, if J is increased by a factor of about 100, the current density
is in the range where there is no neutron induced excess current, and the de-
gradation rate, as shown in Fig. 51, is much less. There is an additjonal, ut
small decrease in sensitivity as the current is raised further fram SOmA to
150mA. Thus, the neutron added current can be @ significant camponent of radiation
induced degradation cf constant current light output. The Plessey high radiance
LEDs which normally operate at very high current densities are much less
susceptible to this campcnent of radiation damage, and are, therefore, very

attractive light sources for fiber optics applications in radiation environmments.

Further camparisons of normalized constant current light output degradation are
shown in Fig. 52 for a variety of LEDs as a functiorn of neutron fluence over the
range 1 x 10lln/am? to 1 x 1015n/am?. Note the wide variation in radiation
sensitivity which serves to emphasize the importance of selecting the proper LFD
for nuclear environment applications. The most sensitive LED shown is the
amphoterically Si doped GaAs TIL 26 whose ocutput is down by more than three orders
of magnitude at 1 x 1014n/cm2. The next most sensitive LEDs are two GaAs devices,
HP-4120 and TIXI~35, neither of which is amphoterically Si doped. Ciustered together
at samewhat greater fractional output are three LEDs: an RCA ternary InGaAs long
wavelength (1060nm) emitter, the heavily doped TI GaAfAs LFD shown earlier in Fig.
49, and the bare Plessey high radiance GaAs device, D2503AP. Recall that D2503AP
and the heavily doped T1I GaAfAs Led were shown to have about the same sensitivity

at constant current. This followed fram the decreased sensitivity in D2503AP due
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to a lack of excess current and in the TI device because of heavy doping, two
effects which armpensate each other in the oomparison of the two LEDs. Next above
this cluster of three IFDs is a TI GaAfAs device containing 208 Af. While this
LED has good radiaticn hardness, its pre-irradiation power ocutput is quite low.
The secord least sensitive LED is a high radiance (HR) GaAfAs device, the IRE-160,
from Laser Diocde Labs. As stated above, the most radiation-hard LEDs are the
recent group of high radiance GaAfAs devices received from Plessey. It is
important to note that these data are averages over nine of these LEDs rather
than the hardest device fram the group. That is, the average sensitivity of the

C45 Plessey LEDs is lower than any of the LEDs shown in Fig. 52.

We have seen that hich radiance LFDs, because of their snall junction area, have
very little excess current and are therefore relatively insensitive to neutrons
for constant current operation. Note that of the six hardest LEDs shown in Fig.
52, three are high radiance (HR in Fig. 52) LEDs. Two of the others, the 20t

A% TI LED and the RCA InGaAs LED, have very low pre-irradiation outputs so

that their apparent hardness is deceiving because their cutput is low to begin
with. The third planar IED, the heavily doped TI GaAfAs device, exhibityg

good hardness becanse of the heavy doping. As we have stated earlier, the Plessey
C45 GaAfAs LEDs exhibit excellent hardness because thev embody not only the

heavy doping to produce increased speed and hardness, but also the lack of

neutron-induced excess current.

As cutlined in the Background section of this report, another basis for camparison
of the radiation hardness of LEDs is to oampute 1K values. The smaller the pre-

irradiation lifetime-damage constant product, the less sensitive the device is to

irradiation. Care must be *aken, however, to emphasize the particular operating
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oconditions under which the computed 1K values are applicable. This precaution

is3 demonstrated by the data in Figs. 53 and 54 for Plessey GaAs and GaAfAs LEDs,
respectively. The data in these figures are p'ots of Eq. (13) which is appropriate
for constant current operation when the total current is dominated by a diffusion
mechanism. The fact that straight lines with slope = 1 can be drawn through the
points indicates that Eq. (13) satisfactorily fits the data. Note, however, that as
the current is increased, the plots move to the right indicating smaller 1 K

values at larger currents. Although the change is not large in going from 50 to
100mA for the GaAs LED or from 50 to 150mA for the GaAgAs devices, it is important
to restrict values of 1K to corresponding current levels. With this in mind,

we present in Table II values of 1K computed from Figs. 53 and 54. For
comparison, toK values are also given for the various planar TI LEDs with which

we have compared the Plessey devices throughout this report. In addition, toK
values are given for certain other [EDs we have studied in the past.1 A comparison
of the 1oK's in Table II leads to the same conclusion as that drawn from

Fig. 52: the average data for the latest Plessey GaAiAs LEDs, C-45, gives

the lowest toK value in Table II demonstrating that these devices have excellent

radiation hardness.

g7

& uk

1 R B mbmy = om. ictar . il dene

g sy e 42- A T S T A S T




EE .

e N

i S AR S g et b

T

1

!TIIII

11111l

L 1 11 llll

| Illl

i

L L 1l

L. T i ¥V 7 rT1l
F PLESSEY Ga As
- ¢ — I0OmA
= O ~ 50mA
@ - I00mA
o
C
o i
Ly -
t = |
10° -
: /./
/0
0™ 3 1 ¢ 1ol
10't 10°®
i Figure 53.

104
NEUTRON FLUENCE, atmt

Analysis of constant current light output degradation from

a Plessey high radiance GaAs LED (D25S03AP) using Eq.(13).
The guantity in parantheses is the ratio of the pre-ir-
radiation light output to the pcst-irradijation light

output.

currents.
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Note that the curves move to the right with
increasing current resulting in a lower To K at higher
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Figure 54. Analysis of constant current light output degradation from
a Plessey bare, high radiance GaAfAs LED (P65B) and the
average over nine of the most recent group (C45),
designated group 3 in the Figure, of pigtailed GaafAs
LEDs. These latter devices have the lowest value of T X
(curve furthest to the right) determined for the LEDs °
examined in this study.
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Table 2

Pre-irradiation minority carrier lifetime-damage constant products, 1K, for

neutron irradiation of LEDs operating at constant current.

LED Type LED Current oKr cn?'/_n
Plessey GaAs (D2503AP) 10mA 5.3 x 10-14
Plessey GaAs (D2503AP) 100 2.3 x 10-14
Plessey Ga_ggAl (cAs(PE5B) 0. 54 2.4 x 10714
Plessey Ga_gsAl ocAS(P65B) 150 8.1 x 10713
Plessey Ga_gsAl ogAs(C45-av  age) 100 5.4 x 10713
TI GaAlAs(0,6,12% Al) 50 1.9 x 10713
TI GaAlAs(6%Al, high doping) 50 6.7 x 10-14
TI GaAlAs(20% Al) 50 3.3 x 10-14
TIL 26 (GaAs:Si,Si) 50 9.1 x 10-13
Bell Labs Gal’ LED 50 2.2 x 10-14
RCA InGaAs Long Wavelength 1 1.0 x 10-14
90
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2. Transient Fiber Attenuation and Pigtailed LED Output

The transient attenuation measurements on the Corning fiber pigtail material have

I AL "’Wﬂﬂm

1

]

shown, as one might expect, that this is a rather severe effect in this fiber. }
However, since the fiber is only used as a pigtail, the lengths being considered i
i

are relatively short, probably less than a meter. Indeed, one can envision many

R LR TR e

applications where a pigtail of a few tenths of a meter is sufficient, for which

P L o

the losses would be reduced by a factor »f 2 or 3 compared to those we have observed 1
for a one meter length. Nevertheless, one must take seriously the attenuation
problem in meter lengths of this fiber, and, to this end, we wish to make further

comparisons of the Corning material with other fibers.

Normalized transient attenuation curves are showi, in Fig. 55 for the two Corning

fibers investigated in this work and for two fibers with undoped silica cores.

ot o

: Note that the recovery of the Corning SDF fiber, the one used for pigtails on the
most recent LEDs, is slower than for the other three, especially at short times. ‘

These results demonstrate that more rapidly recovering fibers are available.

The strong attenuation and its slow recovery in Corning fibers has been attributed
to the Ge doping of the silica core. These effects are further accentuated by the i
addition of B to the core. Typical results for such fibers, including our SOF
_af fiber, are shown in Fig. 56. Note that the absolute attenuation in the SDF fiber
falls between that for a Ge core fiber and the more intense attenuation found for E
the Ge + B doped core.® As indicated in Fig. 56, it has been demonstrated® that |
addition of P to the core suppresses the transient attenuation. However, the

presence of P enhances the induced permanent attenuation, 8

The wide variation in the way fibers respond to ionizing radiation, typified tw

the results in Fig., 56, indicates that the particular fiber optic system and

the radiation enviromment it will experience must be well defired before a fiber

| 91
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can be selected. For example, if system downtime must be a minimumm, then a P
doped fiber may be well suited. However, for an application in which the system
can have a long downtime but which must tolerate high total dose, P doping would
be a disadvantage. An additional example concerns polymer clad silica (PCS)
fibers which have been found to generally have good radiation tolerance. One
of the best of these is an ITT fiber, designated T323, which recovers to a loss
of 0.12dB/m within 10 usec after a burst of 3700 rads,B the dose used for the
data in Fig. 56. Unlike the P doped fibers, the ITT fiber returns to nearly
intrinsic attenuation within 5 sec rather than retaining significant permanent
attenuation.8 while this fiber is consequently very attractive, it may not be
appropriate for certain applications. Because of the polymer cladding the
performance of these fibers is often poor at very low temperatures. Also, it
may be difficult to use as a pigtail because the polymer cladding may cause
difficulty in integrating and attaching the fiber to the LED, especially if a
hermetic seal is required. Fortunately, as we have stated above, considerations
of radiation induced attenuation are not as critical in the case of pigtails
because of the short fiber lengths involved. One must alsc bear in mind,
however, that the pigtail whether high loss or low loss, must be compatible
with coupling or fusing to a possibly longer lenagth of fiber which may have

to be selected to satisfy stringent conditions.

We oconclude this section by presenting a series of figures which depict actual
expected average power output fram the final groap of Plessey LEDs under various
conditions. The data in Figs. 57-60 were camputed in the following manner.
Along with the LEDs, Plessey supplied measured power emitted fram the pigtail

for each LED at =-55°C, 25°C and 71°C at an LED current of 150mA. The following

average power ocutpucs were camputed for the nine LEDs taken through the series

- L\L‘dj
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of neutron irradiations: 1073 N at =55°C, 712 W at 25°C, and S41 W at

71°C. Thegse values were then plotted versus temperature so that average vaiues
aould be determined at -45°C, 25°C, and 75°C, the temperatures at which fiher
attenuation data were taken. Reduced power outputs corresponding to specific
neutron fluences were then calculated using the normalized light output
degradation curve in Fig. 52. The same curve could be used to calculate post-
irradiation power outputs at different temperatures since we have observed

(see Figs. 32-37) that the degradation rate is essentially independent of
temperature. Next we linearly superimpose the effects of transient attenuation
with those of neutron reduced light output. This js valid because our results
indicate that neutron irradiation does not affect the fiber pigtail and
conversely, ionization does not affect the LED. The reduced power, P(t,T),

out of the fiber pigtail in the presence of transient attenuation is computed

for a one meter long pigtail using the equations:

Pave(T)
aft) =10 109 Fr—r— aB/m (17)
and P(t,T) = Paye(T)/10%(H)/10, iy (18)

where Paye(T) is the average power out of the pigtail at a given temperature,

T, with no transient attenuation (; = 0). These calculations result in ti-e

six sets of curves shown in Figs. 57-59 for three neutron fluence levels, ¢ = O,
1 x 1014n/an?, amd 3 x 1014n/an2, and two values of dose rate; ;= 4.6 x 102
rads/sec and ; = 3,7 x 1010rads/sec. For the lower dose rate, the output power
is essentially determined by the temperature and the neutron fluence. Even at
20 us and -45°C the power is down by less than 20%. At one sec, the output

is very close to cmplete recovery at all temperatures. However, for

95




vy =3.7x lOlOrads/sec the transient attenuation has a strong effect on output,
The power output curves at the three temperatures are quite different in shape and
exhibit crossover points. These features result from the compensating effects

of increasing light output with decreasinc temperature and increasing attenuation
at a given time with decreasing temperature. While the recovery is far from
complete at 1 sec and -45°C, note that after this amount of time racovery is
nearly complete at roaom tenperature and above, The data in Fig. 59 demonstrate
that for the largest ¢ and ;, the power output can drop below 100 W at

early times at all temperatures.

The room temperature (25°C) data in Figs. 57-59 are displayed together in Fig.
60. The LED output varies from somewhat less than 100 W at short times and

the largest fluence to the pre-irradiation level of slightly over 700 .

Note that recouvery is nearly complete after 1.0 sec. The data given in Figs,
57-60 illustrate that care must be taken in selecting the pigtail fiber and
the LED so as to maximize power output for the specific conditions under which

the fiber optic system will be used.
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SECTION V1

CONCLUSIONS AND RECOMMENDATIONS

In this section we summarize the important results of this study and propose
recormendations based on these results. The following list campriases our

major conclusions:

1. There are no aniquely transient effects within the LEDs due to pulsed
neutron exposure at levels near 1 x 1013n/cm2 per pulse. The neutron pulse
causes a permanent decrease in light output equivalent to that which results

fraom a steady state irradiation.

2. Co~60 gamma irradiation of bare Plessey GaAs and GaAfAs LEDs to 106

rads did not result in any light cutput degradation as a function of voltage
or current. A similar irradiation of pigtailed LFDs did cause a relatively
small decrease in output due to permanent induced attenuation in the

approximately 1 meter long fiber pigtail.

3. Pulsed X-ray exposure to levels of 5 x 103 rads (y = 1 x 101llrads/sec)

A
] v
5

of bare LEDs, pigtailed LELs, and separate test pieces of the fibers used
for pigtails has demonstrated that such irradiations affect only the fiber

and not the LFD or lens.

4. The Corning SDF (short distance fiber) BP356 fiber exhibits rather

strong transient attenuation following X-ray exposure due to the dopants
used in the fi .r core. After an irradiation of 1.85 x 103 rads (3.7 x

1010rads/sec) the induced attenuation at 25°C is 1.4dB/m at a time of 1.0ms

after the X-ray pulse. As the temperature ia lowered, the attenuation

‘ becames greater at a given time, Normalization of the attenuation to the

i

|
.

|

i
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peak transient attenuation demonstrates that the recovery rate is temperature
dependent. and significantly slower at —-45°C than at the maximum measurement
temperature of +75°C. Measurements of the SDF fiber and the earlier 1025
fiber suggest that there is no significant dependence of the recovery rate
on wavelength or dose. However, as one might expect, the peak transient
attenuation, Ty is greater at the shorter wavelengths characteristic of
GaAfAs  (B20-850nm) than at the emission wavelength of GaAs (900nm). In
addition, ap, and also a(t) at later times, vary linearly with dose over
the dose range investigated. Extending this linear behavior at -45°C
indicates that ¢p would approximately equal 13.3 dB/m at -45°C and ; =1 %
1011rads/sec. Using eqn (18), this further implies that the power emitted
from a 1 meter lona nigtail at the point in time where ap occurs {roughly
10usec after the burst) would be only 4.7% of the emitted power prior to
the X-ray pulse. At a time of lms after a 1 x 1011 rads/sec burst, a(lms)
= 8.9 dB/m and the power would be 13% of the pre-irradiation power out of a

1 meter pigtail.

S. A Co-60 qamma irradiation of the two Corning fibers to a dose of 1 x
106 rads did result in additional permanent attenuation. Measured values
were between 0.13 and 0.45 dB/m for a megarad. For potential applications
amploying long fiber lengths, the Co-60 induced attenuation increases would
be a problem. However, for a typical pigtail length of about 1 m, the
losses would correspornd to approximately a 9% reduction in power output for
an additional attenuation of 0.43 dB. Such .iosses should not pose any

particular difficulty.

:
!
i
1
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6. Perheps the most important result found in this study is that the

average hardness to neutron irradiation of nine of the most recent Plessey
high radiance GaAfAs LEDs is greater than that of any other LEDs known to
this author.l For constant high current operation, a neutron fluence of 4

x 1014n/a? is required to reduce the output by a factor of 5. At an LED

current of 150mA and a temperature of 25°C, this would correspond to a

1
[
‘
n
[ T TP e S e kb bbb S
. - sl o . PR . o

reduction in power cut of the fiber pigtail fram 712N prior to irradiation

to 142uW. We have attributed this exceptional tolerance to neutron

L
E

irradiation to two effects: (1) the lack of neutron induced excess current

v

at the very large current densities typical of these hiah radiance LfDs,

and (2) the reduction in rise time and minority carrier lifetime caused by

T

{ heavy doping. The number of neutron~induced non radiative recombination
centers required to affect the short initial lifetime thus becames quite
large. With regard to wavelength selection of the fiber optic system, it

is important to note that neither of these radiation hardening effects

e e ) ———— s e

depend on material type. That is, a high speed, high radiance GaAs LED t
should have a similar radiation resistance. 1In the case of the bare Plessey
GaAs LEDs (D2503AP) investigated herein, the greater susceptibility to

neutron damage apparently results fram the lower doping levels in these devices.

Because of the excellent resistance of the most recent set of Plessey
pigtailed GaAfas LEDs to permanent neutron damage, we strongly recammend
them for all but the most stringent applications. Without knowing the

| detailed specifications of the radiation environment, which, in any case

to make specific recammendations. Fortunately, the definite superiority of

:
i
§
oould probably not be discussed in an unclassified report, it is difficult [’
!
: these LEDs with regard to neutron hardness minimize the need for qualifying l

a recamendation. With regard to the Corning SDF fiber pigtail, the
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situation is somewhat more tenuous. It is clear fram the work herein

R
;
¥
:
.
|
1]

and that of others, /+8:9 that the transient attenuation in these

fibers is strong and recovers relatively slowly with time. Therefore, for
those applications which require low temperature operation with a minimum
downtime, which we might define as t < 1.0ms, large dose (y > 106 rads) .
or dose rate (;> 101llragds/sec), and long pigtail length (greater than
1.0 m), it would be appropriate to consider a fiber pigtail which is :
more immune to induced transient attenuation. However, it is not difficult z
to envision many applications in which the pigtail can be relatively short !
and can be coupled or fused with a fiber that has greater tolerance. We
feel that the Corning SDF fiber is adequate for those applications where
the pigtail length is reasonable, say less than about 1 m, the downtime

can be equal to or greater than 1 ms, and vy is not extremely large. Once

again, it is difficult for us to avoid being samewhat vague because we do
not know the details of the contemplated applications. Rather, we will
allow the power output figures (57-60) to speak for themselves. Hopefully,

they will assist the system designer in making an informed decision about

the applicability of these devices.
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